The activated structure of RNase P RNA (PhopRNA) in Pyrococcus horikoshii OT3 was characterized by circular dichroism (CD) and ultraviolet (UV) absorbance spectra. The results suggested that interaction of four RNase P proteins (PhoPop5, PhoRpp21, PhoRpp29, and PhoRpp30) with PhopRNA results in destabilization of base stacking in PhopRNA, whereas the addition of a fifth protein, PhoRpp38, increases base stacking in PhopRNA.
Ribonuclease P (RNase P) is a ubiquitous trans-acting ribozyme that processes the 5 0 leader sequence of precursor tRNA (pre-tRNA). 1, 2) Although the functionality of RNase P remains similar from bacteria to humans, the chemical composition and enzymatic properties of this enzyme differ in three phylogenetic domains of life: the Bacteria, Archaea, and Eukarya. 3) Eubacterial RNase P is composed of a catalytic RNA and a single protein subunit, and in the presence of a high concentrations of Mg 2þ the eubacterial RNase P RNA itself can hydrolyze pre-tRNA in vitro. 4) In contrast, archaeal and eukaryotic RNase Ps comprise a single RNA moiety with 4-5 proteins 5) and 9-10 proteins 6, 7) respectively, and their RNAs show little activity under physiological conditions. Hence archaeal and eukaryotic RNase P RNAs function cooperatively with protein subunits in substrate recognition and/or catalysis in vivo.
In an earlier study, we found via a reconstitution experiment that RNase P RNA (PhopRNA) and four proteins, PhoPop5, PhoRpp21, PhoRpp29, and PhoRpp30, are essential for the RNase P activity of the hyperthermophilic archaeon Pyrococcus horikoshii OT3. 8) The reconstituted particle (R-4P), however, had a low optimal temperature (about 55 C) as compared with 70 C for the authentic RNase P from P. horikoshii.
8)
Subsequently, a fifth protein, PhoRpp38, was found to be involved in elevating the optimal temperature of the reconstituted particle (R-5P). 9) Thus PhopRNA and the five proteins reconstitute RNase P activity, which exhibits enzymatic properties like those of the authentic enzyme.
In the present study, the activated structures of the PhopRNAs in R-5P and R-4P was characterized by circular dichroism (CD) and ultraviolet (UV) absorbance spectra.
Five RNase P proteins (PhoPop5, PhoRpp21, PhoRpp29, PhoRpp30, and PhoRpp38) were prepared as described previously. 8, 9) PhopRNA was prepared by transcription in vitro as described previously 8) and purified by ion-exchange column chromatography on Resource Q (AKTApurifier, GE Healthcare Bio-Sciences GK, Tokyo). First we analyzed structural changes in PhopRNAs in R-5P and R-4P by measuring CD spectra. When the CD spectra in the far-ultraviolet range, 220-300 nm of the free PhopRNA were measured at various temperatures using a Jasco J 720 spectropolarimeter with a 0.1 cm-long optical path, they decreased as the temperature increased above 45 C (data not shown), suggesting denaturation of PhopRNA. Hence the CD spectra were measured at room temperature. Free PhopRNA (1.5 mM) and the reconstituted particles of R-5P and R-4P composed of 1.5 mM of PhopRNA and equimolar quantities of the proteins were dissolved in the RNase P processing buffer (50 mM Tris-HCl, pH 7.6, containing 50 mM magnesium chloride, 600 mM ammonium acetate, and 60 mM ammonium chloride). In the case of CD spectra for the reconstituted particles, differences in the spectra were obtained by subtracting the CD signals of five and four proteins from those for R-5P and R-4P respectively. Signal averaging during accumulation of the four scans was done automatically. The CD spectrum of free PhopRNA and the difference in the spectra on subtracting the CD signals of five and four proteins from those for R-5P and R-4P respectively are presented in Fig. 1 . The three CD spectra of PhopRNAs showed, as for the bacterial RNase P RNAs, 10, 11) a maximum signal at 265 nm. These spectra were consistent with the presence of highly structured RNA with a significant amount of A-form helix.
10) The comparison of the CD spectrum of free PhopRNA with that of PhopRNA in R-4P revealed a significant decrease in the CD signal at the peak and a slight shift to a longer wavelength. A similar change in CD signals has been reported for the holoenzyme assembly of Escherichia coli RNase P. 11) Since it has been reported that a decrease in the CD signal is correlated with destabilization of base stacking in RNA, 11) Note PhopRNA might result in PhopRNA unfolding. As for the CD spectra of R-5P, PhoRpp38 binding caused a significant increase in the CD signal at 268 nm, attributed to an increase in base stacking in PhopRNA.
It is assumed that PhoRpp38 binding to R-4P results in an increase in base stacking, thereby stabilizing the activated structure of PhopRNA.
To explore this assumption further, their interaction was analyzed by UV absorbance spectrum, because it is known that nucleic acids show a hyperchronic effect as a consequence of disruption of electronic interactions among neighboring bases. The UV spectra were measured in processing buffer at room temperature using a Shimadzu UV spectrophotometer UVmini-1240 (Shimadzu, Kyoto, Japan). The UV spectra of PhopRNA (0.30 mM) in the presence and the absence of the proteins (each 0.30 mM) are shown in Fig. 2A . When the four proteins were added to PhopRNA, the UV absorbance at 260 nm significantly increased, and then the addition of PhoRpp38 (0.30 mM) decreased the UV absorbance at 260 nm. This suggests that the four protein interactions with PhopRNA disrupt its base paring, while the presence of the fifth protein, PhoRpp38, stabilizes base pairing in PhoRNA, consistently with the assumption based on the finding obtained by CD analysis.
It is known that RNase P RNAs are composed of two functional domains, the specificity domain (Sdomain) and the catalytic domain (C-domain). 12) In our study, two chimeric RNAs, in which the functional C-and S-domains of E. coli RNase P RNA (M1 RNA) and PhopRNA were mutually exchanged, were prepared and characterized with respect to cleavage of P. horikoshii pre-tRNA Tyr in the presence of the E. coli C5 protein or P. horikoshii proteins. The results suggest that PhoPop5 and PhoRpp30 function equivalently to the C5 protein in E. coli RNase P, being involved in activation of the PhopRNA C-domain, while PhoRpp21 and PhoRpp29 are implicated in stabilization of the PhopRNA S-domain (Honda et al., Biosci. Biotechnol. Biochem., 74, 266-273 (2010)). Furthermore, structural and mutational analyses have demonstrated that PhoPop5 and PhoRpp30 form a heterotetramer 13) while PhoRpp21 and PhoRpp29 fold into a heterodimer in solution; 14) the quaternary structures play a crucial role in P. horikoshii RNase P. 13, 14) It is thus likely that the protein complexes PhoPop5-PhoRpp30 and PhoRpp21-PhoRpp29 are involved in the activation and stabilization of the C-and S-domains respectively in PhopRNA. Hence we further tested to determine how far the two complexes contribute to unfolding of PhopRNA by measuring UV spectra. The results indicated that the interaction of PhoRpp21 and PhoRpp29 with PhopRNA increased absorbance more than that of PhoPop5 and PhoRpp30 (Fig. 2B) , suggesting that the PhopRNA Sdomain is more drastically unfolded by PhoRpp21 and PhoRpp29 than the PhopRNA C-domain by PhoPop5 and PhoRpp30. This speculation is consistent with the recent finding that the catalytic capacity of archaeal RNase P RNAs is masked by poor function of the archaeal S-domain in the absence of archaeal protein cofactors. 15) There are two kinds of RNA binding proteins that can help the RNA to fold correctly. They differ in their modes of action.
16) The first group includes specific RNA binding proteins that force the unfolded molecule to fold into the correct structure by stabilizing the native structure. The second RNA binding protein group includes proteins that unfold RNAs non-specifically or impede the formation of misfolded structures; these proteins are referred to as RNA chaperones. 17) Taking this into account, the four proteins (PhoPop5, PhoRpp21, The CD spectra of free PhopRNA and PhopRNA in R-5P and R-4P were recorded on a Jasco J-720 spectropolarimeter at room temperature using a 0.1 cm-long optical path. The broken, thin, and thick lines indicate CD spectra of free PhopRNA, PhopRNA in R-4P, and PhopRNA in R-5P respectively. Fig. 2 . Ultraviolet (UV) Absorbance Spectra of PhopRNA in the Reconstituted Particles. A, UV absorbance spectra of free PhopRNA and PhopRNA in R-5P and R-4P were recorded on a Shimadzu spectrophotometer UVmini-1240 at room temperature. The broken, thin, and thick lines indicate UV spectra of free PhopRNA, PhopRNA in R-4P, and PhopRNA in R-5P respectively. B, UV absorbance spectra of PhopRNA activated either by PhoPop5 and PhoRpp30 or by PhoRpp21 and PhoRpp29 were measured as described above. The broken, thin, and thick lines indicate UV spectra of free PhopRNA, PhopRNA with PhoPop5 and PhoRpp30, and PhopRNA with PhoRpp21 and PhoRpp29 respectively. PhoRpp29, and PhoRpp30) are suggested to function as an RNA chaperone belonging to the second group of the RNA binding proteins, and to act on the misfolded PhopRNA so that it gets another chance to fold into the native structure. In contrast, since the fifth protein, PhoRpp38, is known to interact specifically with two stem-loop structures, nucleotides A116-G201 in the S-domain and G229-C276 in the C-domain, 9) it can be classified into the first RNA binding protein group. A stem-loop structure similar to that at nucleotides A116-G201 in the PhopRNA S-domain is present in a significant fraction of RNase P RNA sequences, including human RNase P RNA. 18) Therefore, specific binding of PhoRpp38 to the second binding site (G229-C276) in the PhopRNA C-domain might result in increased base stacking in PhopRNA, leading to a thermostable structure for PhopRNA. Combining the present results with previous ones, 9, 13, 14) the mechanism of activation of PhopRNA is proposed as illustrated in Fig. 3 . The free PhopRNA is assumed to become trapped in a misfolded structure (a folding trap), as described previously.
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16) The protein complexes PhoPop5-PhoRpp30 and PhoRpp21-PhoRpp29 activate the PhopRNA C-and S-domains respectively to produce the active form of PhopRNA (R-4P), probably by unfolding the misfolded PhopRNA. Then specific binding of PhoRpp38 to the terminal helices in the C-and S-domains stabilizes the activated structure of PhopRNA by increasing base stacking. Further studies on PhopRNAs in R-5P and R-4P should give more insight into the mechanism by which archaeal and eukaryotic RNase P proteins activate RNase P RNAs. The schematic structure of PhopRNA is drawn on the basis of its secondary structure. 19) The S-and C-domains are drawn in black and gray lines respectively. Circles with numbers, 5, 21, 29, 30, and 38, schematically indicate PhoPop5, PhoRpp21, PhoRpp29, PhoRpp30, and PhoRpp38 respectively. Thin lines indicate hydrogen bonds. Protein binding sites on PhopRNA and structural changes in PhopRNA on protein binding are presented arbitrarily. The stoichiometry of the proteins is ignored in this figure.
